Abstract: A novel ultra-broadband printed monopole antenna with 10 dB return loss bandwidth from 2.1-21.5 GHz is proposed. This printed monopole antenna is constructed using cross-slotted modified circular patch with etched ground plane. This UWB printed monopole antenna is microstrip-fed with a triangular tapered input line for broadband matching.
tennas like circular and rectangular patch antennas was 4-5% in yesteryears. But it is no more a serious limitation in today's world and we can achieve a bandwidth of 100% or more for planar printed monopole antennas [1] using various broadband techniques. In the previous versions of monopole antennas, disc monopole antennas of various shapes: circular, elliptical, etc. are put perpendicular to the ground plane [2] to achieve broadband performance. But nowadays, we have printed monopole antennas, which are completely planar and fabricated employing printed circuit board (PCB) technology, with huge bandwidth [3] .
Ultra-Wideband (UWB) commonly refers to signal or system that either has a large relative bandwidth (BW) or a large absolute bandwidth [4] . The Federal communications Commission (FCC) has designated the 3.1 to 10.6 GHz frequency band for UWB Communications.
In this paper, we have proposed a novel UWB printed monopole antenna with a bandwidth of 2.1-21. 5 GHz approximately 165% BW. To author's knowledge, printed monopole antennas having such a huge BW has not been reported in literature. In the next section, we will introduce and discuss this newly proposed ultra-broadband printed monopole antenna explaining how we have achieved such a huge BW.
Novel UWB printed monopole antenna
Basically we have applied three broadband techniques to achieve such a huge BW. The structure of the newly proposed ultra-broadband printed monopole antenna is depicted in Fig. 1 along with the dimensions.
From the Fig. 1 , we can see that we have modified the printed circular monopole antenna in first place. In particular, we have removed some portion of the printed circular monopole antenna. It has been reported in [1] that such modifications will increase the planar antenna bandwidth although the structures of the patch and modifications reported were different. Secondly, we have printed a cross-slot in the modified printed circular monopole patch. Cross-slot is one of the Frequency Selective Surfaces (FSS) and it has been widely used for designing periodic structures with passband characteristics [5] . Slots in the ground plane or patch are generally used to increase the BW and enhance other antenna performance of patch antennas such as this one [6] . We will use cross-slot in the modified circular printed monopole antenna to increase its BW. Thirdly, we have employed broadband matching techniques for input feed lines. We have used triangular tapered feed lines whose design can be done easily using the formulae given in [7] .
Fig. 2. Return loss versus frequency of the novel printed monopole antenna

Results and Discussion
Firstly, we did an extensive simulation study on the effect of various broadband techniques applied to printed antennas on FR4 substrate of relative permittivity 4.4, dielectric thickness 1.6 mm and metal thickness of 35 µm before we achieve such a huge BW. We will present these results of the various broadband techniques generated using IE3D version 10.2, Zeland Corp., Freemont, CA, USA and discuss them one by one. We could not include all the graphs here due to number of figures constraints.
Rectangular microstrip-fed printed circular patch antenna
This is one of the most primitive patch antennas and it has few % bandwidths. A circular patch antenna has been simulated for 2.4 GHz wireless local area network (WLAN) applications with the rectangular microstripline input feeding lines. It exhibits a maximum BW of 9% at the mid-band frequency of 2.4 GHz. An inset has been cut on the circular patch for proper impedance matching with the 50 Ω input line. The distance from the edge of the circular patch towards its center is the crucial parameter for achieving proper antenna impedance matching with the 50 Ω input line to achieve an optimal impedance BW of the circular patch antenna. The antenna radius dimension along with the substrate parameter decides its resonance frequency.
3.2 Rectangular microstrip-fed circular patch printed monopole antenna Next we have done a detailed investigation on the rectangular microstripfed circular patch printed monopole antenna. These monopole antennas are constructed from the previous patch antenna by completely etching out its ground plane. It exhibits a 10 dB return loss BW of 2.1-5.4 GHz. It has been observed that the gap, g, between the ground plane and patch is one of the crucial parameter for achieving large BW. It also affects antenna impedance and lower resonant frequency of the printed circular monopole antenna.
Rectangular microstrip-fed modified circular patch printed
monopole antenna For rectangular microstrip-fed modified circular patch printed monopole antenna, the antenna BW has been increased from 2.1-9.5 GHz. Etching out some portions of regular printed circular patch of the printed monopole antenna increases its BW.
Rectangular microstrip-fed circular patch with cross-slot
printed monopole antenna Rectangular microstrip-fed circular patch with cross-slot printed monopole antenna exhibits the BW from 2.1-11.0 GHz and above but there is spike which crosses the 10 dB return loss at 5.5 GHz. We would like to bring down s 11 level using broadband matching technique so that we can achieve a very good impedance matching between the input line and the printed monopole antenna throughout the UWB frequency range. Note that the slots are generally cut in the patch antenna to have multiple numbers of current paths, whose effective electrical current lengths, give the approximate multiple resonance frequencies.
Triangular tapered microstrip-fed circular patch with cross-
slot printed monopole antenna In the previous antenna, we have replaced rectangular microstrip feed line with triangular tapered feed line. The final antenna structure along with the dimensions for optimum antenna performance is illustrated in Fig. 1 . In  Fig. 2 , we have plotted the antenna s 11 parameter in dB (return loss) versus frequency in GHz. It is clearly seen that the novel printed monopole antenna has BW from 2.1-21.5 GHz (165% BW). It is difficult to achieve such a large BW with only one broadband technique. We have combined three broadband techniques as mentioned before. The antenna impedance (real and imaginary part) versus frequency is also shown in Fig. 3 . We can infer from the graph that this triangular tapered microstrip-fed printed monopole antenna has real part of the impedance more or less equal to 50 Ω throughout the UWB which is a proper impedance matching for the ultra-broadband frequency range. The imaginary part of the antenna impedance crosses the zero line in so many frequencies showing that the antenna has multiple resonances within the ultra-broadband BW. Impedance matching is done such that the Fig. 3 . Antenna impedance (real and imaginary) versus frequency (GHz) for the novel printed monopole antenna real part of the antenna impedance equals 50 Ω when the imaginary part crosses the zero line. As far as the other antenna parameters, it seems to be good enough, with an efficiency of 86%. Efficiency slightly increases from the previous antenna configuration it may be due to the proper impedance matching. The E-plane radiation throughout the ultra-broadband frequency range is in the form of 8 whereas the H-plane radiation pattern is constant and looks like a circle. There has been a slight distortion in the radiation pattern at the higher frequencies but that is within acceptable limits. The peak gain of the antenna is 3.28 W/Sr.
Conclusion
A novel ultra-broadband printed monopole antenna with 10 dB return loss bandwidth from 2.1-21.5 GHz is proposed. A step by step design procedure of such printed monopole antennas has been presented. This printed monopole antenna uses three broadband techniques viz. triangular tapered feed lines, cross-slot and modified circular patch in addition to the conventional printed monopole antenna with the etched ground plane. A detailed comparison on these broadband techniques has been done and finally they are combined properly to give antenna optimum performance. It has been observed such ultra-broadband printed monopole antenna has high efficiency and gain in addition to the UWB performance. The radiation pattern of the printed monopole antenna imitates omni-directional patterns throughout the ultrabroadband frequency range.
